This work extends the application of the well-established Estrin and Mecking (EM) work-hardening model in unstable low temperature austenite region. The interaction between work hardening, recovery and softening attributed to recrystallization and transformation to ferrite under dynamic conditions is considered. Experimental parameters were varied to study the effects of strain, strain rate and temperature during hot rolling in the low temperature austenite region. Hot compression tests were performed two microalloyed steels-one containing V and the other Nb-at strain rates between 0.1 and 10 s 21 over a temperature range of 750-1000°C. A model is presented that describes the influence of dynamic recovery on flow behavior in the unstable austenite region. The modified work-hardening model incorporates an additional fitting parameter to the EM model and is dependent on the recovery and softening rates. The new model improved prediction in the unstable austenite region, while the original EM model gave better correlation at relatively higher temperatures when dynamic recrystallization is dominant or at relatively lower temperatures when only dynamic recrystallization to ferrite was the softening mechanism.
Introduction
Understanding the strain hardening of metals is one of the most important fields of research in physical metallurgy (Ref 1) . Most work on the hot-rolling behavior of VN steels has been on medium-carbon low-alloy vanadium steels with a focus on the stable austenite temperature range (between 950 and 1150°C) and at quasi-static strain rates of 0.001-0.1 s À1 (Ref [2] [3] [4] . In these studies, dynamic recrystallization (DRX) was considered as the dominant softening mechanism due to the low stacking fault energy (SFE) of the stable austenite and the relatively low strain rates used (Ref 4, 5) . This work, therefore, focuses on studying the hot-rolling behavior of VN microalloyed steels in the unstable austenite temperature region (between 750 and 1000°C) at moderate strain rates (between 0.1 and 10 s À1 ). The hot workability of the VN microalloyed steel was assessed in comparison with that of a Nb-Ti microalloyed steel.
Kocks and Mecking (KM), and Estrin and Mecking (EM) proposed phenomenological models for the macroscopic plasticity of metals to describe the material flow during both continuous deformation and athermal work hardening (Ref 2, 6, 7) . The application of both the KM and the EM models is limited to stage 2 and 3 of strain hardening, but extensions to the model, which generally include softening due to dynamic recrystallization, allow application of the model in stage 4 and 5 (no strain hardening) (Ref 1, 6) . The KM and EM models use two internal variables to describe either dislocations in cells or dislocations in walls. Bouaziz (Ref 1) noted that although both models use a linear relationship between the annihilation term by dynamic recovery and the dislocation density, the number of fitting parameters should increase.
In this study, a modified DRV work-hardening model was formulated with an additional fitting parameter applicable to the DRX/DT inter-mode region, i.e., the unstable austenite region. The model considers a linear relationship between an annihilation term by recovery and dynamic transformation and the dislocation density.
Experimental Method

Composition and Sample Preparation
VN and Nb-Ti microalloyed steels with chemical compositions given in Table 1 were studied. A vacuum induction melted VN ingot was hot rolled to 13-mm-diameter bar, while the Nb-Ti steel specimens were wire cut from an as-cast industrial slab. Axisymmetric hot compression specimens were wire cut to a height of 15 mm and diameter of 10 mm, whereas dilatometric samples were machined to a height of 10 mm and diameter of 5 mm.
Mechanical Testing
Gleeble TM 1500 and Gleeble TM 3500 series thermomechanical simulators fitted with tungsten carbide anvils were used for isothermal uniaxial axisymmetric compression tests. The platens were lubricated either with tantalum foil or graphite and nickel paste. The specimens were deformed in accordance with the schematic schedule shown in Fig. 1 (Ref 7 ). An austenitization temperature of 1200°C was applied in all tests based on typical industrial practice and dissolution temperatures of both V(C, N)-854°C-and Nb(C, N)-1092°C-were determined from ThermoCalcÒ 4.1 property diagrams using the TCFE7 database. The criteria used for the validity of the hot compression tests during upsetting were assumed when the test validity criteria for each experiment as outlined in Ref (8) (9) (10) were met. The testing criteria included the aspect ratio, barreling, height, ovality and circularity coefficients.
The Ar 3 temperatures after the first hit in Fig. 1 were determined to be 843°C for the VN steel and 818°C for the Nb-Ti steel at a cooling rate of 5°C/s; see Ref (7) . The dilatation curves in Ref (7) were used to determine the ferrite volume fractions at the start of the final deformation step.
Post-deformation Flow Stress Data Processing
A detailed flow curve analysis included the use of central differences, while graphical methods involved polynomial fitting and regression analysis of flow stress-strain data. Care was taken not to mask any metallurgical phenomena on the flow data. The curves were fitted to the work-hardening flow curve using the yield stress r 0 which was determined using the 2% offset strain method. The plastic flow curve segment was fitted and smoothed with a sixth-order polynomial using the Excel TM software. The percentage error attributable to the error inherent in temperature, load measurement, lubrication breakdown and non-uniform flow was expected to be below 4% (Ref 11 ).
An assessment of theoretical modeling of the flow behavior was performed up to the saturation stress (r sat ) considering only work hardening and DRV. The study considered the favored approaches commonly used-the MK and EM approaches (see ''Appendix'') ( Ref 12) . The MK approach uses linear sections of the relationship between work hardening, h, and stress given by h À r plots. The EM model uses the linearity of rh À r 2 plots to define the DRV (including recovery factor) and DT regimes. The deviation from linearity signified the critical stress, r cDRX . , and (f) shows the flow stress curves for both VN and Nb-Ti steel specimens deformed to an equivalent true strain of 0.6, at temperatures between 750 and 1000°C and strain rates between 0.1 and 10 s À1 as per the deformation schedule given in Fig. 1 . At low strain rates, the curves corresponding to deformation temperatures higher than 950°C exhibit typical DRX behavior with a single peak stress followed by a gradual fall toward a steady-state stress. The peak stress becomes less obvious when the strain rate is increased and/or the deformation temperature is decreased. A 2% offset strain was used to distinguish the linear portion from the plastic flow curve as it coincided with the end of yield stress stagnation in most flow curves. The yield stress (r 0.02 ) and equivalent strain (e 0.02 ) are given in Tables 2 and 3 for the VN and Nb-Ti steels, respectively.
Results
Flow Curve Behavior
The increase in stress levels with decreasing temperature was erratic in the Nb-Ti steel compared to the VN steel at 10 s À1 strain rate, while the reverse was true at 0.1 s À1 strain rate. The fluctuations in flow stress at high strain rates corresponded to the typical mill load fluctuations experienced during hot rolling of Nb-Ti steels compared to the gradual flow stress increase experienced in the deformation of VN steels.
The Kocks and Mecking Approach (KM Model)
The work-hardening stress or h À r plots at different temperatures (750-1000°C) and strain rates (0.1-10 s À1 ) are given in Fig. 3(a) , (b), and (c) for the VN steel and Fig. 3(d) , (e), and (f) for the Nb-Ti steel, respectively. Generally, the h À r plots in Fig. 3 had either a single linear decrease or an initial linear decrease which was followed by a lower gradient linear section before the drop toward h = 0 at peak stress. Although in many studies the second linear segment in Fig. 3 (a) signifies the start and the end of subgrain formation, referred to as the dynamic recovery (DRV) regime, in this study the second segment was found to coincide with the start of dynamic transformation (r cDT Þ from austenite to ferrite (13) . In agreement with other studies, the first and second abscissas of the h À r curve (i.e., intercepts at h = 0) signified the peak stress r p and the steady-state stress r ss , respectively, and are given in Table 2 for the VN steels and Table 3 for the Nb-Ti steels. The r cDRX is given by the inflection point from linearity in the h À r curves which is also mathematically given by the global minima in À dh/dr versus r curves or the abscissa in plots of À d 2 h/dr 2 versus r (r cDRX signifies the nucleation start for DRX grains); see Fig. 3 (a).
Critical Stresses for VN Steel
Strain rate of 0.1 s
À1
, Fig. 3 (a): Some partial DT at temperatures between 750 and 900°C was found. As expected, an increase in peak stress with a decrease in temperature (thermal work hardening) was observed except at 750°C where the peak stress was lower than that obtained at 800 and 850°C.
Strain rate of 1 s À1 , Fig. 3(b) : The peak stress was only attained at temperatures ranging from 750 to 900°C. Minimal DRV was noticeable at temperatures between 800 and 950°C.
No steady-state conditions were attained at all temperatures for deformation at a strain rate of 1 s , (f) KM plots for NbTi steel at 10 s Table 2 VN steelÕs saturation stress, recovery rate, softening rate and curvature factor obtained from The curvature factor in parenthesis signifies that the value did not arise from curve fitting. The yield stress r 0 was taken at an offset strain e 0 of 2% Table 3 Saturation stress, recovery rate, softening rate and curvature factor in the Nb-Ti steels obtained from Fig. 4 , at different temperatures and strain rates The values in parenthesis were obtained as given in Table 2 3.3.1 Critical Stresses for Nb-Ti Steel. Strain rate of 0.1 s
, Fig. 3(d) : A peak stress was reached for deformation at 850-750°C, and the linear relationship before r c was lost for all h À r curves.
Strain rate of 1 s
, Fig. 3 (e): The linear sections in the wavy h À r curves showed partial DT taking place at all temperatures, and the peak was attained at temperatures below 950°C. The peak stress increased gradually with a decrease in temperature.
Strain rate of 10 s À1 , Fig. 3(f) : Cyclic or non-monotonic work hardening was observed, and a peak was not attained at all temperatures; however, partial DT and DRX were present.
Estrin and Mecking Approach (EM Model)
An alternative approach was using rh À r 2 plots to study work-hardening behavior, as shown in Fig. 4 . The definition of the critical points on the rh À r 2 plots is similar to that for the h À r plots. However, the linearity of these plots forms the basis of the accuracy of both the KM and EM theoretical workhardening DRV models. Comparatively, it can be observed that the EM approach gives better linearity for both Nb-Ti and VN steels. The saturation stress r sat , recovery rate r, the softening rate s r and curvature factor expressed by r/s r have been given in Tables 2 and 3 for VN steel and Nb-Ti steel, respectively.
Discussion
Dynamic Recovery (DRV) in Low-Temperature Austenite
DRV occurs concurrently with work hardening (WH) during high temperature plastic deformation and is characterized by a release of stored energy without any migration or movement of high-angle boundaries (HABs) (Ref 14) . The DRV process involves either annihilation of dislocations or rearrangement of dislocations (generally referred to as knitting and unraveling of dislocations) due to dislocation climb, cross-slip and glide to attain low energy through formation of low-angle subgrain boundaries (Ref [14] [15] [16] . In this study, the difference between the strain at the point of yielding r 0.02 and the critical strain e c for either DT or DRX, whichever comes first, shows the extent of DRV. In agreement with other studies, DRV was present though to a lesser extent since austenite in these steels is a low stacking fault energy (SFE) material.
DRV was more pronounced when the strain rate was increased and also at intermediate temperatures where both DRX and DT were present; see Fig. 3 and 4 . Under these conditions, a peak was not attained for these tests. Contrary to most workers (Ref 9, 17) who attribute the lack of a peak in low-temperature austenite to DRV only as the restoration mechanism (i.e., DRV is sufficient to counteract the increase in flow stress caused by mechanical hardening when DRX does not occur), the coexistence of concurrent deformation, DRV, DT and DRX lead to a DRX-DT inter-mode curve (mostly referred to in the literature as a DRV-type curve). For the DRX-DT inter-mode curves, the peak was delayed to higher strains that were not attained under the deformation conditions of this study, as shown in Fig. 2 . The dominant restoration mechanism in stable austenite (low SFE) was DRX, while in the case of unstable austenite (low austenite temperatures) all the three restoration mechanisms (recovery, recrystallization and transformation) were the competing with DT and DRV being favored. At low austenite temperatures, DT was dominant limiting the extent of DRV in the process. In the presence of dynamic restoration processes, Ebrahimi and Solhjoo (Ref 18) divided the flow curves into two zones, with zone I: a WH and DRV regime (between r 0 and r c ) and zone II: a WH and DT/ DRX regime, between r c and a steady-state condition. As reported by Devadas (Ref 9) for the ''DRV-type curve'', a plateau or saturation stress is expected with increasing strain.
Theoretical DRV Work-Hardening Models: The Kocks and Mecking and the Estrin and Mecking Approaches
For high SFE materials which only dynamically recover (i.e., ferrite), the flow stress reaches a saturation steady-state value at high strains. The methodologies which enable such behavior to be modeled have been presented previously (Ref 19) and will be reviewed here in relation to a hypothetical deformation curve of VN and Nb-Ti microalloyed steels deformed at low austenite temperatures. It should also be noted that in low SFE materials as in austenite, the modeling of the hypothetical flow stress curve for WH and DRV plays a critical role in most phenomenological flow stress constitutive models, which incorporate effects of restoration kinetics on the hypothetical flow stress curve in the flow stress prediction/ determination. Both the theoretical WH and DRV curves/models and flow stress models are considered as second 6, 22) . This is also verified in the linearity obtained when the two approaches are compared in Fig. 3 and 4 . The modified ''Appendix'' provides a detailed derivation of the EM model. The work-hardening parameters r and h obtained from the 2hr versus r 2 plots can be presented as functions of the Zener-Hollomon temperature-compensated strain rate Z, which represents the dependence of the saturation stress on Z (Ref 23). The relationships are obtained from plots of ln r/ ln r rec versus ln Z (Ref 2). Several authors have reported that by contrast, the value of r decreases with Z, indicating that dynamic recovery becomes less effective as the temperature is decreased or the strain rate is increased (Ref 2, 23 ). Quelennec and Jonas (Ref 23) further suggested that the r value appears to saturate at high Z values and can, therefore, be considered as a constant under such conditions (Fig. 5 ).
The Modified DRV Work-Hardening Model
In agreement with the literature (Ref 6), it was observed that at high temperatures where DRX was dominant the EM model (as described in 4.2) proved an accurate representation of the stress-strain behavior in the work-hardening regime, as shown in Fig. 6 . Additionally, it was observed through this work that at low temperatures where DT was the only softening mechanism, the original EM model provided the best fit, as shown in Fig. 7 . At intermediate temperatures between 800 and 950°C, however, the EM modelÕs stress predictions deviated from the measured values, as shown in Fig. 8 . An improved EM model with an additional parameter was derived to provide consistency with experimental data, as shown in Fig. 8 . Figure 5 compares the original and modified EM models, clearly showing an improvement in the unstable austenite temperature range. The modified DRV WH model also accounts for the fractional softening after the critical strain for DT which is central in phenomenological/mathematical flow stress models.
At low temperatures, where DT is the only softening mechanism and at high temperatures where DRX is dominant, the work-hardening stress-strain curve obeys the original EM model given by (see ''Appendix'' Derivation of the Estrin and Mecking work-hardening model): The DT/DRX inter-mode region was observed at intermediate temperatures and/or at higher strain rates where restoration was mainly by recovery, DT and DRX. The flow behavior obeyed the following modified DRV work-hardening model for the inter-mode region:
where the softening rate s r and the newly defined parameters: recovery rate r and curvature factor (r/s r ) are given in Tables 2 and 3 for VN and Nb-Ti steels.
From Tables 2 and 3 for the VN and Nb-Ti steels, respectively, the recovery rate r was determined to be constant in the DT/DRX inter-mode region and lower than when DRX or DT is dominant. For temperatures where DT only or DRX is dominant, the recovery rate r was found to be comparable, i.e., $ 5.4 for VN steels. Increase in strain rate shifts the DT/DRX region to higher temperatures. This can be observed in the r for the Nb-Ti which had higher Ar 3 temperatures and deformation was mostly in the DT-dominant regime ( Table 3) .
The curvature factor describes the predicted or hypothetical work-hardening stress curve when work hardening is counteracted by DRV, DT and DRX. In this case, the parameter r s r $ 1:2 AE 0:2 for the VN steel while r s r $ 1.5±0.3 for the Nb-Ti steel. This indicated that Nb-Ti steels recovered more readily and softening were delayed compared to the VN steels at the same temperature. The finding is also supported by the critical transformation temperatures which were comparatively higher in Nb-Ti steel than in the VN steel; see Ref (Ref 7) . High transformation temperatures also dictated the existence of dynamic transformation or DT at considerably elevated temperatures above the Ar 3 temperature.
Conclusion
1 A computational modified DRV work-hardening model based on the Estrin and Mecking approach and applicable to the unstable austenite region has been developed. 2 The effect of both the recovery rate parameter r and the softening rate parameter s r on work hardening has been considered. The model provided good correlation between measured and predicted stresses in the range between the flow stress and critical stress at deformation in the low austenite temperature region. 3 The extrapolated modified DRV model was also able to reveal softening after the critical strain for dynamic transformation making it more applicable in determining the fractional softening during hot rolling.
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Appendix: Derivation of the Estrin and Mecking Work-Hardening Model
Estrin and Mecking (Ref 20) modeled the flow curves up to the peak stress based on the evolution of dislocation density from concurrent work hardening and dynamic recovery (DRV) only. In this approach, the evolution of dislocation density with strain was determined as the sum of differential hardening and softening terms as follows (Ref 2, 20) :
where the first term represents the work-hardening part and the second term, the softening due to DRV. The terms in the above equation for dependence of the dislocation density q on plastic strain e can be replaced as follows (Ref 20) : 
